Using fast electron spin resonance spectroscopy of a single nitrogen-vacancy defect in diamond, we demonstrate real-time readout of the Overhauser field produced by its nuclear spin environment under ambient conditions. These measurements enable narrowing the Overhauser field distribution by post-selection, corresponding to a conditional preparation of the nuclear spin bath. Correlations of the Overhauser field fluctuations are quantitatively inferred by analysing the Allan deviation over consecutive measurements. This method allows to extract the dynamics of weakly coupled nuclear spins of the reservoir.
Using fast electron spin resonance spectroscopy of a single nitrogen-vacancy defect in diamond, we demonstrate real-time readout of the Overhauser field produced by its nuclear spin environment under ambient conditions. These measurements enable narrowing the Overhauser field distribution by post-selection, corresponding to a conditional preparation of the nuclear spin bath. Correlations of the Overhauser field fluctuations are quantitatively inferred by analysing the Allan deviation over consecutive measurements. This method allows to extract the dynamics of weakly coupled nuclear spins of the reservoir.
Spins in solids are textbook platforms to model and investigate the dynamics of open quantum systems. An ubiquitous example consists in a central electronic spin, described as a two-level system, interacting through hyperfine coupling with a mesoscopic bath of nuclear spins. This interaction is identified as the major source of decoherence for solid-state spin qubits [1] [2] [3] . Measuring and controlling the dynamics of such complex environments is therefore a central challenge in quantum physics [4] [5] [6] [7] , with potential applications in solid-state quantum information processing 8 and metrology [9] [10] [11] . In this Letter, we explore the dynamics of a dilute nuclear spin bath interacting with the electronic spin of a single nitrogen-vacancy (NV) color center in diamond. This atomic-sized defect has attracted considerable interest over the last years because its ground state is an electronic spin triplet S = 1 that can be optically initialized, coherently manipulated with microwave magnetic fields and read-out by optical means 12 . In ultrapure diamond samples, decoherence of the NV center electronic spin is mainly caused by interaction with a bath of 13 C nuclear spins (I c = 1/2) randomly dispersed in the diamond lattice 3, [13] [14] [15] . As shown in Fig. 1 , each 13 C nuclear spin n of the bath induces a hyperfine splitting A (n) of the NV spin sublevels, whose amplitude depends on its lattice site position with respect to the NV defect [16] [17] [18] [19] . All hyperfine splittings from the nuclear spin bath add up, resulting in a quasi-continuum distribution of hyperfine lines. Each nuclear spin configuration of the bath produces an effective hyperfine magnetic field, colloquially known as "Overhauser field", which randomly fluctuates through nuclear spin flips. In most experiments, these fluctuations are much faster than the measurement time scale, so that statistical averaging over all the configurations of the 13 C nuclear spin environment leads to an inhomogeneous linewidth Γ * 2 of the NV defect electron spin resonance (ESR) 14, 15 , as shown in the right panel of Fig. 1 . This limitation can be circumvented by performing measurements faster than the correlation time of the nuclear spin bath. This can be achieved at cryogenic temperature by using Overhauser field-selective dark resonances in a Λ-type level configuration 7 . Here we follow an alternative approach which consists in fast acquisitions of optically detected ESR spectra under ambient conditions. The NV defect is used as a magnetometer to infer the instantaneous "Overhauser field" and its dynamics through the detection of Zeeman shifts of the ESR frequency induced by nuclear spin flips in the local environment.
A central idea of this work is to apply a static magnetic field B along the NV defect axis (z) in order to tune the correlation time of the nuclear spin environment. Indeed, the flipping rate γ (k) R of each 13 C of the bath weakly coupled by hyperfine interaction with the NV defect electronic spin can be written as
where
ani and A (n) zz are the anisotropic and longitudinal components of the hyperfine tensor, which depends on the lattice site position of the 13 C with respect to the NV defect, and γ n ≈ 1.07 kHz/G is the 13 C gyromagnetic ratio. The nuclear spin lifetime T quadratically with the magnetic field and can reach few seconds at high fields (B > 2000 G) for 13 C with hyperfine coupling strengths A (n) weaker than 200 kHz [20] [21] [22] . This is eventually long enough to be detected through fast ESR spectroscopy under ambient conditions.
Individual NV defects in a high-purity diamond sample with a natural abundance of 13 C (1.1%) are optically addressed at room temperature using a scanning confocal microscope. In such sample, the inhomogeneous ESR linewidth Γ * 2 is few hundreds kHz [ Fig. 1] 13-15 . A permanent magnet placed on a three-axis translation stage is used to apply a static magnetic field along the NV defect axis (z). Spectroscopy of the ESR transition between the m s = 0 and m s = −1 electron spin sublevels is performed through repetitive excitation of the NV defect with a resonant microwave (MW) π-pulse followed by a 300-ns read-out laser pulse 23 . This sequence is continuously repeated during 30 ms while recording the spindependent photoluminescence (PL) intensity of the NV defect, before incrementing the MW frequency. All ESR spectra shown in this work were recorded on 15 points, corresponding to a measurement time T m ∼ 450 ms per spectrum. In practice, three MW sources are swept simultaneously in order to optimize the ESR contrast and to get rid of the dynamics linked to the intrinsic 14 N nuclear spin (I N = 1) of the NV defect 24 . The MW sources are synchronized and their frequencies detuned by A N = 2.16 MHz, which correspond to the hyperfine splitting induced by the 14 N nucleus 25 .
Matrices of consecutive ESR spectra recorded from a single NV defect are depicted on Fig. 2(a) for three different magnetic field amplitudes. For each individual spectrum i, the instantaneous ESR frequency f (i) was extracted through data fitting with a Gaussian function. The time evolution of f (i), which mirrors the one of the Overhauser field, is shown in Fig. 2(b) . While the ESR frequency does not exhibit significant fluctuations in time at low field (B = 300 G), well-resolved spectral jumps can be observed when the magnetic field is increased. In this high magnetic field regime, the correlation time of the bath becomes longer than the measurement time T m , which enables measuring the instantaneous Overhauser field produced by different configurations of the nuclear spin bath. This is further illustrated in Fig. 2(c) where individual ESR spectra recorded at B = 4000 G are plotted together with the averaged sum of experimental scans (top panel). The instantaneous ESR frequencies of individual runs evolve in time and their linewidths are twice smaller than the one obtained by averaging over all the configurations of the bath. As expected, spectral narrowing is also accompanied by an improved ESR contrast.
In these experiments, the amplitude of the Overhauser field fluctuations is dominated by the dynamics of the nearest 13 C nuclear spin of the bath, which induces a hyperfine splitting of the ESR line
zz ≈ 200 kHz [cf. Fig. 1] 26 . This hyperfine structure is revealed by the histograms of the instantaneous ESR frequencies f (i) shown in Fig. 2(b) . At low field the histogram is well described by a Normal distribution, while two Gaussian peaks separated by 201 ± 3 kHz can be observed at high field. For this particular 13 C , the anisotropic component of the hyperfine tensor is weak, leading to a relaxation time exceeding seconds at high magnetic fields 20 . Measurements of the instantaneous ESR frequency can
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(c) be used for narrowing down the Overhauser field distribution by post-selection. For that purpose, we first consider the correlations between consecutive measurements, f (i) and f (i + 1), whose conditional distributions are shown on Fig. 3 (a) for different magnetic field amplitudes. From this set of measurements, post-selection of individual ESR spectra is performed depending on the sign of the instantaneous ESR frequency. More precisely, for all measurements that satisfy f (i) > 0 [or f (i) < 0], we extract a post-selected ESR spectrum by summing the set of individual runs i + 1. The results are shown in Fig. 3(b) . At low magnetic field, post-selected ESR spectra are identical to the one obtained by averaging over all individual runs [black dashed line in Fig. 3(b) ], pointing out the absence of correlation between consecutive measurements. At higher fields, post-selected ESR spectra have a narrower linewidth with a shifted central frequency, corresponding to the hyperfine splitting of the nearest 13 C nuclear spin of the bath. Here conditional measurements enable polarizing this particular 13 C of the bath and narrowing down the Overhauser field distribution. We note that the linewidth of post-selected spectra (∼ 300 kHz) remains larger than the one obtained from the individual runs (∼ 200 kHz) shown in Fig. 2(b) , because post-selection only effectively prepares the state of the nearest 13 C of the bath in this experiment.
We now analyze more quantitatively the correlations between distant individual ESR spectra by using the Allan deviation σ A . This statistical tool is commonly used for quantifying the stability of oscillators 27 and is defined as
where ... {i} denotes the average over all the data set {f (i)}. As shown in Fig. 3(c) , the Allan deviation is flat at low field while increasing the gap k between the measurements, as expected for a regime without correlation. At high fields, the Allan deviation first increases with k before reaching a plateau. This behavior indicates strong correlations over distant individual runs. To infer quantitative informations, we derive an analytical expression of the Allan deviation
with
Here the sum runs over all 13 C nuclear spin n of the bath and σ sn is the standard deviation of the measurement noise, mostly induced by shot-noise in the detection of the NV center PL 25 . This formula is simplified by considering that correlations are dominated by hyperfine interaction with the nearest 13 C and used to fit the experimental data [solid lines in Fig. 3(c) ]. We obtain
[µs] Dynamical-decoupling signal obtained by implementing a 32-pulse sequence (see inset) with a magnetic field B = 500 G applied along the NV axis. The solid line is data fitting using the procedure described in Ref. 28 , while considering hyperfine interaction with three nearby 13 C nuclear spins. More details can be found in 25 .
A
(1) zz = 210 ± 7 kHz in good agreement with the value obtained by other methods [see Fig. 2(b) ]. As expected, the correlation time T
(1) R inferred from the fit increases with the magnetic field [see inset in Fig. 3(c) ], reaching more than ten seconds at 4000 G.
Every single NV defect has a specific nuclear spin environment since 13 C are randomly placed in the diamond lattice. The fluctuations of the Overhauser field are therefore expected to be different for each NV defect. To illustrate this point, the experiments were repeated with a single NV defect (denoted NV2) for which the amplitude of the Overhauser field fluctuations is not dominated by the nearest 13 C nuclear spin. Here the fluctuations of the instantaneous ESR frequency can hardly be observed in matrices of consecutive ESR spectra [ Fig. 4(a) ]. However, the Allan deviation indicates unambiguously correlations between individual runs at high magnetic fields [ Fig. 4(b) ]. This observation results from the slowdown in the dynamics of some 13 C nuclear spins surrounding the NV defect. To check this assumption, the local 13 C environment was investigated by implementing ani hyperfine components of the three 13 C nuclear spins detected in the dynamical decoupling signal shown in Fig. 4(c) .
a 32-pulse dynamical decoupling sequence 25 , which enables characterizing individual 13 C with hyperfine coupling strengths much smaller than the inhomogeneous ESR linewidth [28] [29] [30] . As shown in Fig. 4(c) , sharp dips in the signal reveal hyperfine coupling with three individual 13 C nuclear spins. Table I summarizes the values of the longitudinal and anisotropic components of the hyperfine tensor extracted from the dynamical decoupling signal, following the procedure described in Ref. 28 . For this NV defect, it is very unlikely to observe the dynamics linked to the most strongly coupled 13 C owing to the high value of its anisotropic hyperfine component. On the other hand, this component is much smaller ( 20 kHz) for the two other 13 C nuclear spins leading eventually to long correlation times at high magnetic fields [see Eq. (1)]. Fitting the allan deviation with Eq. (3) while considering identical relaxation time for the two 13 C leads to T R = 2.6 ± 0.2 s at B = 4000 G. These experiments demonstrate how the Allan deviation can be used to infer the relaxation time of 13 C with coupling strengths that are one order of magnitude smaller than the inhomogeneous dephasing rate of the NV defect.
In conclusion, we have used a single NV defect in diamond as a highly sensitive magnetometer to measure in real-time the Overhauser field produced by its nuclear spin environment under ambient conditions. Analysis of the Overhauser field fluctuations was achieved by implementing a correlation detection method based on the Allan deviation that extracts the dynamics of weakly coupled nuclear spins of the reservoir. In addition, we have reported narrowing of the Overhauser field distribution through conditional preparation of the nuclear spin bath by post-selection. Further improvements could be achieved by using stronger magnetic fields and/or by decreasing the measurement time, either by improving the collection efficiency with diamond photonic nanostructures 31, 32 or by performing single-shot readout of the NV electron spin under a cryogenic environment 33 . These methods might find applications in the context of quantum feedback control and metrology.
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SUPPLEMENTARY INFORMATION A. Experimental methods
We study native NV defects hosted in a commercial [100]-oriented high-purity diamond crystal grown by chemical vapor deposition (Element6) with a natural abundance of 13 C isotopes (1.1%). Individual NV defects are optically isolated at room temperature using a home-built scanning confocal microscope under optical excitation at 532 nm. Coherent manipulation of the NV defect electron spin is achieved by applying a microwave field through a copper microwire directly spanned on the diamond surface. Details about the experimental setup can be found in Ref. [23] As indicated in the main text, electron spin resonance (ESR) spectroscopy is performed through repetitive excitation of the NV defect with a resonant microwave π-pulse followed by a 300-ns read-out laser pulse 23 . ESR spectra are recorded by continuously repeating this sequence while sweeping the π-pulse frequency and recording the spin-dependent PL intensity. A typical spectrum of the ESR transition between the m s = 0 and m s = −1 electron spin sublevels is shown in Fig. 5(a) [top trace], revealing the characteristic hyperfine splitting A N = 2.16 MHz linked to the intrinsic 14 N nuclear spin of the NV defect. In order to achieve a maximum contrast of the ESR line and to eliminate the dynamics of the 14 N nuclear spin, three synchronized MW sources were swept simultaneously with a frequency detuning set to A N = 2.16 MHz [ Fig. 5(b) ]. Using such a procedure, the ESR spectrum exhibits artificially five resonance lines [ Fig. 5(a) , bottom trace]. The contrast of the central line is maximal because in that case all hyperfine sublevels linked to the 14 N nuclear spin are simultaneously excited. All ESR spectra shown in the main text correspond to a zoom around the central resonance line.
B. Allan deviation modeling
In the main article, the study is focused on the transition between the m s = 0 and m s = −1 electron spin sublevels of the NV defect. The corresponding ESR frequency f av measured by averaging over all the configurations of the nuclear spin environment is given by f av = D − γ e B, where D is the zero-field splitting, γ e ≈ 2.8 MHz.G −1 is the electron gyromagnetic ratio and B is the amplitude of the magnetic field applied along the NV defect quantization axis. Using f av as a frequency reference, we infer the relative frequency shift denoted f (i) by fitting each individual ESR spectrum i with a Gaussian function.
In this section, we derive an analytical formula of the Allan deviation σ A (k) defined by where ... {i} denotes the average over all the data set {f (i)}. In the following, we rather use the temporal variables t and τ which denote the time at which the ESR spectrum is recorded and the delay between ESR spectra i and i + k, respectively. Neglecting the dead time between consecutive measurements, we have τ = k · T m , where T m 0.45 s is the time needed to acquire an individual ESR spectrum. Using these variables, the Allan deviation writes
where f (t) is a random variable corresponding to the ESR frequencies measured at time t.
Allan deviation considering instantaneous measurements
We first consider an instantaneous and noiseless ESR measurement for a NV defect coupled with only one 13 C nuclear spin (I = 1/2), leading to a hyperfine splitting A. The relative ESR frequency shift induced by nuclear spin flips can thus take only two values, +A/2 or −A/2, and can be written as
Here f (0) = ±A/2 and N (t) is a discrete random variable describing the number of nuclear spin flips occurring within time t, whose probability distribution follows a Poisson's law
where T R is the 13 C nuclear spin relaxation time. The average value of the ESR frequency measured at time t is therefore given by
(8) The correlation function can be expressed in the same way
Assuming that τ > 0, we can write N (t + τ ) = N (t) + N (τ ). Here the two random variables N (t) and N (τ ) are independent and both follow a Poisson distribution. The correlation function then writes
Using Eq. (5b), the Allan deviation linked to instantaneous ESR frequency measurements for a NV defect coupled with only one 13 C nuclear spin is given by
This last expression is not realistic since the ESR frequency measurement is prone to errors, due to the combination of a limited ESR contrast, a non-zero linewidth and shot noise in the detection of the NV defect PL intensity. We therefore include an overall measurement noise by expressing the measured ESR frequency as
whereσ sn (t) is a random variable associated to the measurement noise with mean value equals to zero and standard deviation σ sn . We assume thatσ sn (t) and σ sn (t+τ ) are independent variables, without correlations with N (t). The Allan deviation then writes
This reasoning can be generalized to other 13 C nuclear spins of the environment by neglecting their mutual dipolar interaction with respect to the hyperfine coupling with the NV center electronic spin. The Allan deviation expression then becomes
where A (n) and T
(n)
R refer to the hyperfine splitting and the relaxation time associated to the 13 C nuclear spin n, respectively.
Allan deviation with averaging measurements
In the previous section, we considered purely instantaneous measurements of the ESR frequency. However the time needed to record an individual ESR spectrum, T m 0.45 s, can not be neglected in most experiments. This is especially true when T m is longer or in the same range as the correlation time of the nuclear spin environment. In this case, dynamics of the nuclear spin reservoir are partially erased by averaging over T m . We now take into account the finite measurement time in the model of the Allan deviation.
We start the analysis for a NV defect coupled with only one 13 C nuclear spin and we consider that the ESR frequency measurement results from averaging over M instantaneous measurements performed periodically every δt, such that M δt = T m . The random variable f a (t) corresponds to the averaged frequency over T m which is expressed by
(15) We then express N (t + mδt) in terms of independent random variables
where N k (δt) denotes the number of nuclear spin flips occurring during the time interval [t + (k − 1)δt, t + kδt]. Using this transformation, Eq. (15) can be written
Considering that the number of nuclear spin flips follows a Poissonian probability distribution [Eq. (7)], the average value of f a (t) reads
In the limit where δt → 0 with M δt = T m , this last equation becomes
Considering the limit T m → 0, then f a (t) → f (0)e −2t/T R , that corresponds to the expression previously obtained for the instantaneous measurement [Eq . On the other hand, if T m T R , then f a (t) → 0 because frequency shifts average to zero due to rapid flips of the 13 C nuclear spin. Using the same methodology, we can calculate the value of (f a (t)) 2 :
as well as the correlation term defined for τ ≥ T m
In the limit T m T R , we get back to the case of purely instantaneous measurements f a (t)f a (t + τ ) = f (0) 2 e −2τ /T R [see Eq. (10b)] and for T m T R we find f a (t)f a (t + τ ) → 0, as expected. In this limit, the correlation goes to zero as each of the measurements f a (t) goes to zero.
Using Eq. (5b), the Allan deviation can finally be expressed as :
Extending the calculation to several independent 13 C nuclear spins of the environment, this expression transforms to
The hyperfine splitting of the ESR line is given by
ani and A (n) zz are the anisotropic and longitudinal components of the hyperfine tensor, respectively, and γ n ≈ 1.07 kHz/G is the 13 C gyromagnetic ratio 19 . In the limit of high magnetic fields, i.e. for γ n B A
ani , the hyperfine splitting simplifies as
zz . Using τ = k·T m and replacing A (n) by A (n) zz in Eq. (24), we finally obtain the expression σ A (k) given in Eq. (3) of the main text.
The limit of large τ gives the expected value for the plateau of the Allan deviation :
C. Dynamical decoupling signal
The hyperfine coupling strength between the NV defect electronic spin and nearby 13 C of the reservoir can be precisely characterized by using dynamical decoupling methods [28] [29] [30] . Here we apply N units of the symmetric XY8 pulse sequence [ Fig. 6(a) ] to the single NV defect denoted NV2 in the main text. A typical experimental signal obtained for N = 1 is depicted in Fig. 6(b) , revealing the characteristic collapses of the coherence signal at the Larmor frequency. By zooming inside the 8 th collapse while applying a decoupling sequence with N = 4 units, sharp dips can be clearly distinguished [ Fig. 6(c) ]. These dips correspond to resonances with individual 13 C precessing at different speeds. The position and the amplitude of each dip are directly linked to the longitudinal and anisotropic components of the hyperfine interaction for a particular 13 C . The experimental data were then fitted by following the procedure described in Ref. (28) . The values of the hyperfine coupling extracted from these fits are summarized in table I of the main text for the three strongest nuclear spins coupled to the NV center. We find that the 13 C labeled number 1 has a strong anisotropic hyperfine coupling (A (1) ani = 128 ± 2 kHz) that leads to oscillations on the dynamical decoupling signal. On the other hand, 13 C labeled number 2 and 3 have a much weaker anisotropic interaction, leading to single resonance peaks [ Fig. 6(d) ]. The strong value of the anisotropic component measured for 13 C number 1 was further confirmed through Ramsey measurements, by using the usual sequence consisting in two microwave π/2-pulses separated by a variable free evolution duration τ . Here we try to detect directly the hyperfine splitting induced by this particular 13 Fig. 7(a) . Apart from the usual hyperfine structure linked to the 14 N nuclear spin of the NV defect, we observe an additional hyperfine splitting A ∼ 150 kHz, as expected. In the limit of high magnetic fields, the hyperfine splitting becomes A = A 
